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Abstract
Factors such as current, slope, magnetic mineralogy, and post depositional
compaction may affect the accuracy of the magnetic signal preserved in
sedimentary rocks. Two studies, one looking at the remanence ofthe Perforada
Formation, Baja California and a second looking at rapid deposition in a flume,
were conducted in efforts to identify and correct inaccurate paleomagnetic
signatures.
In the first study samples from 11 sites were collected from the Cretaceous
Perforada Formation. The samples were alternating field and thermal
demagnetized to determine remanence direction and measured using anisotropy of
magnetic susceptibility (AMS) and anisotropy of anhysteretic remanence (AAR)
methods to determine magnetic fabric. Magnetic fabric results indicate that 7 of
the sites have a bedding-parallel foliation fabric thought to be associated with
paleomagnetic inclination shallowing and 4 ofthe sites do not have bedding-
parallel foliation fabric and are believed to preserve accurate paleomagnetic
signatures. Directions from the foliated sites were corrected using bulk
anisotropy values determined from AAR, individual particle anisotropy values
determined through magnetic separate/epoxy drying experiments, and Jackson et
al. (1991) methods. The mean direction from the non-foliated sites and the
corrected foliated sites indicates that the Perforada Formation has rotated counter
clockwise 30.60 ± 7.20 and traveled northward 10.90 ± 7.20 since mid-Cretaceous
time. When San Andreas Fault-related right-lateral motion is removed this gives
IX
a pre-Neogene northward transport of7.9 ± 7.2°. These results are more
compatible with geologic correlations (which indicate only 3° northward
transport) than previous, non foliation-corrected studies.
In the second study, slurry was rapidly deposited in three flumes. Samples
collected from six sites were alternating field demagnetized to determine
remanence direction and measured using AMS and AAR methods to determine
magnetic fabric. Remanence inclinations were 17° to 44° shallower than ambient
field inclinations and magnetic fabrics were bedding-parallel foliated.
Inclinations were corrected using bulk anisotropy values determined from AAR,
individual particle anisotropy values determined through magnetic separate/epoxy
drying experiments, and Jackson et al. (1991) methods. 5 ofthe 6 sites were
successfully corrected, indicating that the above correction techniques are also
applicable for rapidly deposited sediments with large amounts of inclination
shallowing.
x
Chapter 1:
Identification and Correction of Inclination Shallowing Related to Bedding-
Parallel Foliation Fabric and Tectonic Implications for the Perforada Formation,
Baja California
Introduction
The North American Cordillera is comprised ofnumerous tectonostratigraphic
terranes (Coney et aI., 1980). These terranes are internally correlative, regionally
continuous and have distinct boundaries (Coney et aI., 1980). They often have
individual depositional, strain, and paleogeographic histories and may have unique
paleomagnetic apparent polar wander paths.
For the past two decades there have been two conflicting interpretations for
the tectonic history of the North American Cordillera. Geologic correlations appear
to tie Cordilleran terranes to adjacent mainland North America from latest
Precambrian through earliest Eocene time while paleomagnetic data originally
. .
suggests a more complicated tectonic history involving northward transport of the
terranes between latest Cretaceous and earliest Eocene time (Butler et aI., 1991;
Gastil, 1991).
In Baja California, geologic correlations are derived from a series of linear
features which, when the 3° (315 kIn) of San Andreas Fault-related Neogene right
lateral offset is restored, lie directly across the Gulf of California from one another
(Figure 1.1). Correlations include (1) similarities between volcanic clasts in Eocene
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Figure 1.1: Geologic correlations between Baja California and mainland Mexico.
Correlations include (1) Similarities between volcanic clasts in Eocene
conglomerates in Baja California and volcanics from mainland Mexico; (2a)
contacts between Paleozoic miogeocline and deep seastrata and (2b) Paleozoic
deep sea strata and Mesozoic arc rocks; (3) a belt of compositional and isotopic
variations within Cretaceous batholithic rocks; (4) the southernmost exposure of
Aptian to Albian age volcanic strata; and (5) the axis of the highest grade
metamorphism.
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conglomerates in Baja California and volcanics from mainland Mexico; (2)
contacts between Paleozoic miogeocline and deep sea strata' and Paleozoic deep sea
strata and Mesozoic arc rocks; (3) a belt of compositional and isotopic variations,
know as the "gabbro line," within Cretaceous batholithic rocks; (4) the southernmost
exposures ofAptian to Albian age volcanic strata; and (5) the- axis ofthe highest
grade metamorphism in the region (Gastil, 1991). These correlative features indicate
that Baja California and mainland Mexico were adjacent from Paleozoic through
Eocene time.
Initial paleomagnetic results from Cretaceous plutonic and sedimentary rocks
and Jurassic volcanics from the Peninsular Ranges and Vizcaino terranes indicated
that Baja California has traveled approximately 16° northward and rotated
approximately 28° clockwise since latest Cretaceous time (Teissere and Beck, 1973;
Gastil and Miller, 1981; Hagstrom, 1985; Morris et aI., 1986; Silver et aI, 1988;
Bannon et aI., 1989; Stewart et aI, 1990; Beck, 1991; Gastil, 1991; Smith and Busby,
1993) (Table 1.1 and Figure 1.2). However, subsequent studies indicate possible
complications in these paleomagnetic studies and provide an alternate, small-scale
translation hypothesis more consistent with geologic correlations (Table 1.1 and
Figure 1.2). First, geochronology, petrology and paleobarometry studies show that
the eastern part of the Peninsular Ranges batholith has been exhumed an average of
1.2 km more than the western part, suggesting that post-magnetization tilting may be
responsible for the anomalous paleolatitudes in plutonic rocks of the Peninsular
3
Baja Califomia Studies
Paleomagnetic Studies
unit terrane age(Ma) rx type m. lat m. long map # ref pole N transport cc rotation ref
large scale translation
Pen. Rng. Bath. PR 110±5 plut 31.0 246.0 1 Cret 12.1±4.4 25.4±5.3 T&B,1973
Pen. Rng. Bath. PR 110±5 plut 33.5 243.0 2 Cret 12.1±4.4 25.4±5.3 H etal, 1985
Punta Baja & Rosario Fm PR 74±6 sed 27.7 247.0 3 Cret 12.2±6.5 22.3±8.5 Met ai, 1986
Silverado Fm PR 60±2 sed 31.6 245.3 4 . Pal 11.3±6.1 -17.6±8.2 Met ai, 1986
Tuna Canyon Fm PR 80±10 sed 31.6 244.9 5 Cret 14.6±5.8 92.5±7.4 Metal,1986
Point Loma Fm PR 72±2 sed 30.4 2445.7 6 Cret 18.9±5.0 47.3+/-6.2 Bet ai, 1989
Ladd and Williams Fms PR 82±8 sed 31.6 245.3 4 Cret 15.9±5.8 -16.8±7.5 Met ai, 1986
EI RosarioFm PR 77±3 sed 29.2 246.3 3 Cret 14.8±4.4 22.9±4.8 T&B,1973
ValleGrp Viz 94±8 sed 27.8 245.2 7 Cret 12.4±10.4 28.4±9.2 H etal, 1985
Valle Grp Viz 94±8 sed 28.2 244.8 8 Cret 20±10 14±7 S&B,1993
Eugenia Fm Viz 151±8 volc 31.3 243.9 9 Jr 9 H etal, 1985
small scale translation
San Telmo pluton PR 90±100 plut 31.1 243.9 10 Cret 6±5 -1+/-7 B&DA,2000
Ladd Fm PR 82±8 sed 33.7 242.5 4 Cret 0.9-5.9±5.8 -16.8±7.5 T&K,1998
Point Loma Fm PR 72±2 sed 32.7 242.8 6 Cret 3.9-8.9±5 47.3±6.2 T&K,1998
Butano Ss PR 52±2 sed 35.7 240.7 11 Eo 3.2±4.6 K,1988
Las Tetas de Cabra Fm PR 55±1 sed 26.6 248.7 12 Eo -3.2±3.8 -5.1±3.6 F et ai, 1989
Eugenia Fm Viz 150±5 volc 25.7 248.1 8 PEP150 5.2±8.0 19.8±18.9 H et ai, 1985
Eugenia Fm Viz 150±5 volc 25.7 248.1 8 Glance -19.9±8.5 22.3±19.2 H etal, 1985
Paleobaromelric Studies
unit
tilting
Pen. Rng. Bath.
Pen. Rng. Bath.
Pen. Rng. Bath.
Key
terrane type of study
PR geochron
PR petrology
PR amph. barometery
conclusions
K-Ar and U/Pb ages younger in east = east cooled
earlier = east uplifted more/earlier
higher grade mm in east = east once deeper = more
uplift in east
eastem batholith emplaced at deeper depth = more
uplift in east
ref
Set ai, 1979
S&C, 1988
G,1975
T et ai, 1988
A&Bh,1988
PR = Peninsular Ranges terrane
Viz = Vizcaino terrane
Cret = Cretaceous (71.0'N, 196'E, 0395=4.9'), Globerman and Irving, 1988
Pal = Paleocene (18.5'N, 192.6'E, 0395=3.2'), Diehl et al., 1983
Jr = Jurassic (74'N, 134'E, a95=11'),lrving, 1979
Eo = Eocene (82.8'N, 170.4'E, 0395=3.0'), Deihl et aI., 1983
PEP150 = Jurassic PEP 150 Ma pole (68.3'N, 143.9'E), Gordon et aI., 1984
Glance = Jurassic 151 Ma Glance Cgl pole (62.7'N, 131.5'E, 0395=6.3'), Kluth et al., 1982
T&B, 1973 = Teissere and Beck, 1973
H et ai, 1985 = Hagstrum et aI., 1985
Met ai, 1986 = Morris et al., 1986
B et ai, 1989 = Bannon et aI., 1989
S&B, 1993 = Smith and Busby, 1993
B&DA, 2000 = BCihnel and Delgado-Argote, 2000
T&K, 1998 = Tan and Kodama, 1998
K, 1988 = Kanter, 1988
F et ai, 1989 = Flynn et aI., 1989
Setal,1979=Silveretal.,1979
S&C, 1988 = Silver and Chappell, 1988
G, 1975 = Gaslil, 1975
T et ai, 1988 = Todd et aI., 1988
A&Bh, 1988 = Ague and Brimhall, 1988
Table 1.1: Paleomagnetic and paleobarometric studies of Baja California.
Locations of studies (map #) are found in Figure 1.2. Modified from Butler et aI.,
1991 and Dickenson and Butler, 1998. 4
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Figure 1.2: Location of previous paleomagnetic and paleobarometric studies.
Corresponding results are in Table 1.1. Modified from Butler et aI., 1991 and
Dickenson and Butler, 1998).
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Ranges terrane (Gastil, 1975; Krummenacher et aI., 1975; Silver et aI., 1979; Silver
and Chappell, 1988; Todd et aI., 1988; Ague and Brimhall, 1988). This conclusion is
supported by paleomagnetic studies from possibly untilted rocks from the San Telmo
batholith and the southern extent ofthe Peninsular Ranges batholith near San Ignacio
and San Baroto that yield inclinations indicating minimal amounts ofnorthward
transport (Hagstrum et aI., 1985; Bohnel and De1gado-Argote, 2000). Secondly,
while Jurassic Eugenia Formation volcanics, located on the westernmost tip ofthe
Vizcaino Peninsula, initially appear to be offset from North America by
approximately 90 latitude, there is disagreement about what paleomagnetic reference
pole should be used (Figwe 1.3). Irving (1979) uses a paleopole based on the average
from many Jurassic North American paleomagnetic studies. When compared to the
Irving pole, the Eugenia Formation indicates the approximately 90 offset mentioned
above. However, more recently Gordon et ai. (1984) have proposed a reference pole
based on a paleomagnetic Euler pole (PEP) model and conclude that the Eugenia
Formation has traveled northward 5.20 ± 8.00 while May and Butler (1986) use an
apparent polar wander path derived from selected paleomagnetic data and conclude
that the Eugenia Formation has actually traveled southward 1.90 ± 8.5 0 (Hagstrum et
aI., 1985; Butler et aI., 1991). Additionally, it has been noted that the structural
attitudes ofpillow lavas inthe Eugenia Formation are difficult to determine and that
only two independent flows were sampled so secular variation has not likely been
averaged (Butler et aI., 1991). Finally, a paleomagnetic and rock magnetic study of
6
Figure 1.3: Stratigraphic column ofValle Group with Aptian to Albian Perforada.
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the sedimentary Ladd and Point Lorna Fonnations on the Peninsular Ranges terrane
indicates that these clay-rich sediments experience 10° to 15° ofcompaction-related
inclination shallowing, and that compaction may be responsible for the anomalously
shallow inclinations observed in other Cretaceous sedimentary units of the Peninsular
Ranges Terrane (Tan and Kodama, 1998). Also, paleomagnetic results from the Late
Paleocene Las Tetas de Cabra fonnation from the Peninsular Ranges terrane, which
may have been protected from compaction by hematite cementation, indicate only
minimal (3.2° to the south ± 3.8°) post Cretaceous transport (Flynn et aI., 1988;
Kanter, 1988). The above studies indicate that post magnetization tilting ofplutonic
rocks and compaction shallowing of sediments is likely responsible for the anomalous
southern Cretaceous paleolatitudes ofthe Peninsular Ranges terrane.
While compaction-related inclination shallowing may explain southern
paleolatitudes from most ofBaja California, it is unknown whether anomalous
paleolatitudes from older, further outboard sediments ofthe Vizcaino terrane may be
similarly explained. Paleomagnetic studies of the Valle Group, the main sedimentary
package on the Vizcaino terrane, show 12° to 20° ± 10.4° ofnorthward movement
since Cretaceous deposition, but these studies have not been tested for inclination
shallowing (Hagstrom et aI., 1985; Smith and Busby, 1993) (Table 1 and Figure 2).
This study focuses on the paleomagnetic remanence of the Perforada
Fonnation. The Perforada Fonnation is the basal unit of the Valle Group (Figure 1.3).
It contains Aptian to Albian interbedded mudstone and fine to coarse sandstone with
8
localized ash deposits. The Perforada Fonnation is important for detennjning the
paleolatitude of the Vizcaino Peninsula because it represents a time interval between
the Jurassic Eugenia Fonnation and the mid-Cretaceous Valle Group, making it one
ofthe oldest fonnations on the Vizcaino terrane but young enough so that the
problematic Jurassic reference pole is avoided. Also, the Perforada Fonnation is
located further west than the main Valle Group that comprises most of the Vizcaino
Peninsula and is, therefore, a more-likely candidate for large-distance transport.
Methods
Samples were collected from the Perforada Fonnation and a three-fold study
was undertaken in efforts to resolve discrepancies between geologic and
paleomagnetic interpretations ofBaja California's tectonic history. First the magnetic
fabric of the Perforada sediments was measured. Second, the mean paleomagnetic
directions were detennined and compared with magnetic fabric results. Finally,
additional experiments were used in conjunction with magnetic fabric and
paleomagnetic results in an attempt to correct any anomalous paleomagnetic
directions.
Sample Collection
Eighty-eight specimens from 43 samples.were collected from 11 sites,
including 2 sites from opposite limbs of a fold, in freshly exposed, wave-cut surfaces
9
ofthe Perforada Formation 10 miles northwest ofBajia Tortugas on the southwestern
coast ofthe Vizcaino Peninsula (GPS: llR 0693868, 3072826). Three sites, with 7 to
10 samples per site and 1 to 2 specimens per sample, were collected using a portable
gasoline-powered drill. The remaining 8 sites, with 3 hand samples per site and 3 to 6
specimens per hand sample, were drilled in the laboratory from hand samples
oriented in the field.
Magnetic Fabric
Anisotropy ofmagnetic susceptibility (AMS) was measured for all samples
using a KLY-3S Kappabridge to determine the fabric ofthe paramagnetic,
diamagnetic, and ferromagnetic grains. The coercivityspectrum of ferromagnetic
grains was determined from alternating field (at) demagnetization and partial
anhysteretic remanence magnetization (PARM) spectra. Anisotropy of anhysteretic
remanence (AAR) was applied in mT windows determined from the coercivity
spectrum to 31 specimens using a Schonstedt GSD-5 demagnetizer modified to apply
a pARM to determine the fabric of ferromagnetic grains. AAR was applied, as
described by McCabe et al. (1985), in nine different orientations separated by 150 mT
demagnetization steps. The coordinates of the minimum, intermediate, and maximum
axes of the magnetic fabric ellipsoids determined from AMS and AAR measurements
were plotted to identify magnetic fabric patterns, particularly bedding-parallel
foliation, the fabric believed to be associated with paleomagnetic inclination error..
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Paleomagnetic Directions
Natural remanent magnetization (NRM) measurement were made on a 2G
Enterprises 755 superconducting magnetometer. Progressive af demagnetization
using the 2G Enterprises 755 magnetometer af demagnetizer was applied to
approximately halfthe specimens in 10 to 14 steps from 0 to 100 mT. Stepwise
thermal demagnetization using a Schonstedt Instruments thermal specimen
demagnetizer was applied to the remaining specimens in sixteen steps from 0 to
600°C. Principal component analysis (Kirshvink, 1980) was used to determine
characteristic remanent magnetizations (ChRM). Site means and formation mean
were determined using Fisher (1953) statistics. A fold test from a small
(approximately 10 meters wide) fold was conducted to constrain the age of
magnetization. The formation mean was compared with the mid-Cretaceous direction
for North America (Globerman and Irving, 1988) at the Vizcaino Peninsula to
determine the amount of latitudinal change and rotation undergone by the Perforada
Formation and, presumably, the Vizcaino terrane. Paleomagnetic directions were
also compared with magnetic fabric measurements to determine whether there is a
relationship between ChRM direction and fabric.
11
Correction Techniques
The relationship between AAR fabric and inclination error described by
. Jackson et al. (1991):
tanIchRM qz(a+2)-1
.-
tan IF qx(a+2)-1
(1)
where IChRM = characteristic remanent magnetization inclination; IF = magnetic field
intermediate, and maximum axes of the shape anisotropy ellipsoids generated from
AAR analyses; and a = individual particle anisotropy, were used to correct ChRM
inclinations with bedding-parallel foliation.
Individual particle anisotropy was determined through two separate methods.
In the first method, two compaction experiments, similar to those described by
Deamer and Kodama (1990), were conducted. Ultrasonically disaggregated
Perforada Formation sediments were deposited in a sample container with a plunger-
like lid and allowed to sit in a known field overnight to acquire a depositional
remanent magnetization (DRM). The next day the sediment was compacted by
adding water to a tank resting on the sample container's plunger. Water volume in
the tank, and consequently overlying pressure, was increased from 0 to approximately
12
0.15 MPa over 6 to 8 hours and the magnetic direction was measured ten to sixteen
times throughout the compaction process. Once compaction was complete, the
sediment sat under pressure for a second night and the magnetic direction was
measured again to test for realignment with the field after compaction. The
compacted sediments were afdemagnetized to isolate the ChRM and AAR was
measured to determine magnetic fabric. fu the second method, a magnetic separate
was collected, using Hounslow and Maher's (1996) magnetic extraction experiment
setup, from three different ultrasonically disaggregated Perforada Formation samples
and deposited in a nonmagnetic epoxy in DC fields of30, 40, and 50 mT. The
objective was to perfectly align the magnetic grains so that bulk anisotropy would
reflect average individual particle anisotropy. AAR was applied in mT windows
determined from the coercivity range indicated in afdemagnetizations and pARM
spectra to the x, y, and z-axes of the magnetic separate/epoxy samples. Each
direction's AAR application was separated by alSO mT demagnetization step. The
magnetic separate/epoxy samples' AARmax/AARmin ratios were averaged to determine
the mean individual particle anisotropy, a. The a determined from inclinations
measured before and after compaction in the compaction experiments and the a
determined from the magnetic separate/epoxy drying experiments were used in the
Jackson et al. equation (equation 1) to correct inclinations from samples with foliated
fabric.
13
Results
Magnetic Fabric
Most AMS (Figure 1.4) and AAR (Figure 1.5) measurements indicate a strong
bedding-parallel foliation fabric with minimum axes clustered perpendicular to
bedding and maximum axes dispersed around the horizontal. However, one site has
triaxial, non-bedding-parallel foliated AMS and AAR fabric, one site has non-
foliated/random AMS and AAR fabric, and two sites have bedding-parallel foliated
AMS butnon-foliated/random AAR fabric (Figure 1.6). In some cases, maximums
are clustered near the horizontal in the southwest quadrant indicating a weak lineation.
Paleomagnetic Direction
Alternating field demagnetization typically isolated ChRMs between 5 and 80
mT and thennal demagnetizations typically isolated ChRM between O°C and 575°C
(Figure 1.7). Samples collected from opposite limbs of a small fold pass both the
McElhinny (1963) and McFadden and Jones (1981) fold tests at the 99% confidence
level showing that magnetization is pre-folding and likely primary (Figure 1.8).
The mean site direction in stratigraphic coordinates is D = 308.5°, 1=40.0°,
U95 = 7.5°, N = 11, indicating that the Perforada Fonnation has rotated counter-
clockwise 33.0° ± 7.2° and traveled 18.7° ± 7.2° (2076 km) northward since Aptian
to Albian (mid-Cretaceous) time (Table 1.2). However, when Perforada sites are
separated into bedding-parallel foliated AAR fabric (believed to be indicative of
14
• maximum axis A intermediate axis • minimum axis
Figure 1.4: Anisotropy of magnetic susceptibility (AMS) analyses showing bedding-
parallel foliated fabric, with minimum principal axes clustered perpendicular to
bedding and maximums dispersed around the horizontal, of all the magnetic grains
for samples P1, P2, P3, P5, P7, P12, and P14 of the Perforada Formation. These
sites also have bedding-parallel foliated AAR fabric (see Figure 1.5).
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P1
Figure 1.5: Anisotropy of anhysteretic remanence (AAR) analyses showing
bedding-parallel foliated fabric,. with minimum principal axes clustered
perpendicular to bedding and maximums dispersed around the horizontal, of
remanence-bearing grains for samples P1, P2, P3, P5, P7, P12,and P14 of the
Perforada Formation. These sites also have bedding-parallel foliated AMS fabric
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Figure 1.6: Anisotropy of anhysteretic remanence (AAR) and anisotropy of
magnetic susceptibility (AMS) analyses showing triaxial, non-horizontally foliated.
AMS and AAR fabric (P10), non-foliated/random AMS and AAR fabric (P13) and
bedding-parallel foliated AMS but non-foliated AAR fabric (P6 and P11).
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Figure 1.7: Orthogonal projections in tectonic coordinates of alternating field (at)
and thermal demagnetizations from the Perforada Formation. 1.7a is of sample
P10c-2 and is typical of af demagnetizations with isolation of characteristic
remanence between 5 and 80 mT. 1.7b is ofsample P1 Oa-3 and is typical ofthermal
demagnetizations with isolation ofcharacteristic remanence between 0and 575°C.
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Figure 1.8: Site mean directions from opposite limbs of a small (-10m) fold shown
in (a) geographic and (b) stratigraphic coordinates, and (c) a plot of % unfolding
versus concentration factor, k, indicating that site means are best clustered at 100%
unfolding. Sites pass the McElhinny (1963) and McFadden and Jones (1981) fold
tests atthe 99% confidence level.
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sites declination inclination Q95 counter- northward 95% N
clockwise transport confidence
rotation limit
all sites 308.5° 40.0° 7.5° 33.0° 18.7° ±7.2 11
foliated 304.8° 36.0° 8.6° 36.7° 22.7° ±7.9 '7
non- 316.1° 46.8° 14.5° 25.4° 11.4° ±12.2 4
foliated
corrected 307.9° 47.4° 13.3° 33.6° 11.3° ±11.3 7
foliated
non- 310.9° 47.3° 8.9° 30.6° 10.9° ±8.1 11
foliated +
corrected
foliated
KNorth 341.5° 58.7° 4.9° 4
- - -
America
Table 1.2: Mean site directions in stratigraphic coordinates and implied counter-
clockwise rotation and northward transport for all sites; foliated, non-foliated,
corrected foliated, and non-foliated + corrected foliated sites; and mid-Cretaceous
North America. Values for North America are from Globerman and Irving, 1988.
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inclination shallowing) and non-foliated AAR fabric (believed to be associated with
accurate paleomagnetic inclination) subsets, the mean sample direction for foliated
sitesis D = 304.8°, 1= 36.0°, (195 = 8.6°, N:= 7;while the mean sample direction for
non-foliated sites is D= 316.1 0, 1= 46.8°, (195 = 14.5°, N = 4 (Table 1.2, Figure 1.9).
The amount ofnorthward translation of 18.7° ± 7.2° indicated by the foliated subset
is similar to the northward translation of approximately 16° indicated by earlier, non-
compaction-corrected studies from Vizcaino terrane sediments (patterson, 1984;
Hagstrum et aI., 1985; Smith and Busby, 1993). However, previous studies indicate
clockwise, rather than counter-clockwise, rotation (patterson, 1984; Hagstrum et aI.,
1985; Smith and Busby, 1993). The amount ofnorthward translation indicated by the
non-foliated sites is still 11.4° (Table 1.2, Figure 1.10), but San Andreas Fault-related
Neogene movement accounts for approximately 3° ofthis.
Correction Techniques
Compaction experiments and magnetic separate/epoxy drying experiments
were used to determine the average individual magnetic particle anisotropy (a) for
Perforada Formation sediments. Unfortunately, sample directions were sporadic
during the compaction experiments and no consistent results were obtained (Figure
1.11). The three magnetic separate/epoxy drying experiments were successful,
yielding a values of 1.153, 1.581, and 1.800 to give a mean a of 1.511 ± 0.329
(Figure 1.12). a = 1.511 was used according to the Jacksonet aI. (1991) methods
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Figure 1.9: (a) Paleomagnetic poles and (b) directions of site means for foliated
(0=304.8°, 1=36.0°, 0<95=8.6°, N=7), non-foliated (0=316.1°, 1=46.8°,0<95=14.5°,
N=4), and combined (0=308.5°, 1=40.0°, 0< 95=7.5°, N=11) sites. The mid-
Cretaceous North American pole (Globerman and Irving, 1988), average
paleomagnetic poles from previous Baja California paleomagnetic studies, and
location of the Perforada Formation are also shown. PRB = Peninsular Ranges
Batholith (Teissere and Beck, 1973; Hagstrum et aI., 1985), PRF = Punta Baja and
Rosario Formations (Morris et ai, 1986), TCF = Tuna Canyon Formation (Morris et
aI., 1986), LWF = Ladd and Williams Formations (Morris etal, 1986), JAF =Jalama
Formation, BLF = La Bocana Roja Formation, ALF = Alisitos Formation, PLF = Point
Lorna Formation (Bannon et aI., 1989). Modified from Bohnel and Oelgado-Argote,
2000).
22
site~5s
overlapping site0)5s
a}
--..........
()
,
Peninsula:
.J
o
'l'
C\J
b)
Figure 1.10: Comparison between mid-Cretaceous cratonic North America
(Globerman and Irving, 1988) and mean direction from non-foliated sites. San
Andreas Fault-related right-lateral movement accounts for 3° latitude of the
difference. See Figure 1.9formore detailed description.
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Figure 1.11: Percent volume loss vs. inclination of two compaction experiments.
Inclinations vary between steeper and shallower inclinations (especially in
compaction 2) indicating that the magnetic direction did not "lock in." This result
may be due to poor sorting in Perforada Formation sediments.
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Figure 1.12: Individual particle anisotropy (a) values determined from magnetic
separate/epoxy drying experiments. Although slight variations with increasing
fields are present, it is assumed that saturation has been reached, and a values from
30, 40, and 50 mT were averaged to determine the mean individual particle
anisotropy.
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(equation 1) to correct inclinations from the foliated subset ofPerforada samples.
The mean direction for the corrected foliated sites is D = 307.9°, 1= 47.4°, U95 =
13.3°, N =7, a direction statistically equivalent at the 95% confidence level to the
mean direction from non-foliated sites (Table 1.2). The corrected paleomagnetic
directions from the bedding-parallel foliated sites and the paleomagnetic directions
from the non-foliated sites were combined to give a mean directions ofD =310.9°, I
= 47.3°, U95 =8.9°, N = 11 (Table 1.2, Figure 1.13). This new direction suggests that
Perforada sediments have rotated 30.6° ± 7.2 counter-clockwise and translated
northward 10.9° ± 7.2 (Table 1.2, Figure 1.13). However, once rotation is corrected
and the 3° latitude related to Neogene San Andreas movement is subtracted? the
expected direction lies within the 95% confidence interval of the mean direction from
the non-foliated sites and the corrected foliated sites.
Discussion
This study gives insight into the relationship between magnetic fabric and
paleomagnetic direction, in general, and how this relationship may explain
discrepancies between geologic observations and paleomagnetic studies in the North
American Cordillera, more specifically.
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Figure 1.13: Comparison between mid-Cretaceous cratonic North America
(Globerman and Irving, 1988) and mean direction from non-foliated and corrected
foliated sites.
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Magnetic Fabric and Paleomagnetism
The first observation is that AMS and AAR magnetic fabrics are similar in 9
out of 11 sites. These results indicate that, while AMS is advantageous in some
respects because it is quick and, non-destructive, AAR analyses are necessary for
determining the magnetic fabric ofthe remanence-bearing grains.
A second observation is that sediments with bedding-para~lel foliated and non-
bedding-parallel foliated AMS and AAR fabric are found within the same
stratigraphic section even when there are no obvious changes in lithology or clay
content. In fact, sites P13 and P14 were collected from the same bedding surface less
than 20 m laterally from one another on opposites limbs of a fold and P13 has a non-
foliated magnetic fabric while P14 is bedding-parallel foliated. One observation
explaining why some sites do not have a foliated fabric is that all non-foliated sites
come from hand samples (although some hand samples do have bedding-parallel
foliated fabric). Hand samples were collected from resistant, coarser-grained beds,
whereas cores drilled in the field were often taken from lessresistant, finer-grained
intervals. It is possible that resistant layers are indicative ofcementation and that
cementation and/or larger grain size protect the sediments from compaction-caused
foliation and inclination shallowing.
This study also supports previous assumptions that there is a
relationship between magnetic fabric and paleomagnetic direction. Here the mean
inclination from bedding-parallel foliated sites is 10.80 shallower than the inclination
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from non-foliated sites. Also, compaction experiments did not show consistent
inclination shallowing trends, indicating that not all sediment undergo compaction-
related inclination shallowing or associated fabric foliation. The compaction
experiments may have given scattered, uninteiruptible results due to the poor grain-
size sorting of the Perforada sediment. Samples were disaggregated using an
ultrasonic cleaner and inspection under a microscope indicated that disaggregation
was complete, but the samples contained both coarse sand grains and high clay
content. In the natural sediments the clay acted as a matrix between coarse sand
grains. However, when the disaggregated sediments were deposited in the
compaction experiment sample container, coarse grains immediately sank to the
bottom while clay-sized particles were deposited in an overlying mud layer. When
the samples were compacted, this configuration ofcoarse sand grains overlain by
mud did not produce the foliated fabric seen is some of the natural Perforada samples.
Additionally, this study shows that Jackson et al. (1991) methods (Equation 1)
using qx and qz values determined from AAR measurements and a values determined
from magnetic separate/epoxy drying experiments can be used to successfully correct
shallow inclinations in sediments with foliated magnetic fabrics. Here inclinations
from foliated sites correct to 47.4°, statistically equivalent to the non-foliated sites'
inclination of46.8°.
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Tectonic Implication for the Vizcaino Terrane
The Perforada Formation mean direction from the combination ofthe non-
foliated sites and the corrected foliated sites is D = 310.9°, I = 47.30, 0.95 = 8.9°, N =.
11, whereas the expected, non-transported direction is D = 341.5°, I = 58.7°, 0.95 =
4.9° (Table 1.2). This suggests that the Perforada Formation has rotated 30.6° ± 7.2°
counter-clockwise and translated 10.9° ° ± 7.2° northward since mid-Cretaceous time
(Table 1.2). The counter-clockwise rotation contrasts with clockwise rotations
observed in most paleomagnetic studies from Baja California, theVizcaino terrane,
and the main Valle Group, indicating that the tectonic history (or at least rotational
movement) of the Perforada Formation is unique from overlying units. The 10.9° of
northward transport is less than the approximately 16° of transport suggested by other,
uncorrected paleomagnetic.studies from Baja California, indicating that the Perforada
Formation has undergone smaller amounts ofnorthward translation than originally
indicated. In fact, when the 3° ofSan Andreas Fault-related Neogene movement is
removed, the northward translations of the Perforada Formation is 7.9° ± 7.2° and the
cratonic North American direction lies within the 95% confidenceinterval of the
Perforada Formation mean, indicating that the Vizcaino terrane may not have
experienced significant pre-Neogene movement reconciling paleomagnetic studies
and geologic interpretations.
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Conclusions
The most significant outcome from this study is the establishment that both
bedding-parallel foliated and non.;foliated sediments exist and that inclination from
bedding-parallel foliated sites corrected using Jackson et al. (1991) methods are in
agreement with inclinations from non-foliated sites. Additionally, inclinations from
non-foliated and correctedfoliated Perforada Formation sediments indicated that the
Vizcaino terrane, Baja California has experience smaller amounts ofpre-Neogene
northward translation previously indicated and that paleomagnetic results are
compatible with geologic correlations.
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Chapter 2:
The Effects of Rapid Deposition of Magnetic Remanence in a Flume
Introduction
Discrepancies between paleolatitudes detennined through tectonic studies and
those determined by paleomagnetic methods have sparked investigations into possible
sources of and corrections for paleomagnetic errors. One source of error may be
associated with the current understanding ofhow magnetic remanence is acquired in
sedimentary rocks. The classical assumption behind depositional remanent
magnetization (DRM) is that ferromagnetic particles become aligned with the Earth's
magnetic field as they descend through the water column. However, the exact
influence that depositional and post-depositional processes have on this alignment
remains unclear.
Over the past forty years, a series of artificial redeposition or flume studies
have investigated the details ofDRM acquisition with varied results. Most early
studies indicate that, due to the effects of flat particles settling and round particles
rolling, recorded magnetic are often shallower than the magnetic field direction (King,
1955; Rees and Woodall, 1975; Verosub, 1977). Further studies indicate that
inclination shallowing is greatest when the magnetic moment to mass (M/m) ratio is
small and that thoroughly disaggregated, fine-grained, hematite-poor (and therefore
high Wm ratio) sediments are more accurate recorders ofDRM inclination (Levi and
Banerjee, 1990; Tauxe et aI., 1990; Tauxe and Kent, 1984). It has also been shown
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that currents may affect DRM declination (Griffith, 1960; Rees, 1961; Rees and
Woodall, 1975; Tading and Hrouda, 1993). Some studies indicate that magnetic
particles are able to realign after deposition (McElhinny, 1963) while others indicate
that post depositional (PDRM) realignment only occurs in special circumstances such
as bioturbation or slumping (Irving and Major, 1963) or that no pDRM realignment is
present (Katari et aI., 2000). Still other studies suggest that drying is responsible for
shallow inclinations in laboratory experiments (Otofuji et aI., 1982) or that pDRM
compaction is responsible for inclination errors (Kodama, 1995; Kodama and Davi,
1995).
Jackson et aI. (1991) have shown that, regardless ofthe forcing mechanisms,
there is a relationship between magnetic fabric and recorded magnetic direction errors
(specifically in magnetic inclination) in most sedimentary rocks. Tan (2001) has
modified this relationship to include hematite-rich sedimentary rocks. These studies
provide a mathematical correction for paleomagnetic inclinations errors.
In the following study, a flume experiment was conducted to investigate the
effects ofrapid deposition on DRM. The primary goals of the study were to
determine the effects ofrapid deposition on magnetic inclinations and declinations in
general and on the magnetic direction of different magnetic minerals specifically;
determine the effects of drying on magnetic direction; determine the effects ofrapid
deposition on magnetic fabric; and determine whether there is a relationship between
magnetic fabric and magnetic direction in high-energy environments and whether
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Jackson et al. (1991) and Tan (2001) techniques can correct errors associated with
rapid sedimentary deposition.
Methods
Flume experiments
Three flume experiments were conducted. One experiment (Fl) was
conducted in a plastic-lined, plywood flume, 2.5 m long, 1m wide, and 0.5 m high
oriented parallel to the magnetic field direction, and two experiments were conducted
in a glass aquarium, 0.9 m long, 0.3 m wide, and 0.4 m high, oriented either
perpendicular (F2) or parallel (F3) to the magnetic field direction. Gravel was used to
create 20° slopes covering approximately'V3 ofthe flume lengths.
Varved clay and silt-sized glacial lake sediments collected from north-central
Pennsylvania were mixed with commercially-purchased sand and water to produce
50% water, 40% clay, 10% sand (by volume) slurry. The flumes were filled with
water and the mud, sand, and water mixture was dumped into them so that the
mixture flowed down the gravel slopes and across the horizontal bases. These rapid
deposition events were repeated 5 to 12 times over 5 to 9 day periods. More frequent
(up to 3 times daily), smaller quantity (4 L) deposition events were conducted in the
smaller flumes to reduce the backwash effects when the deposited mixture rebounds
against the far end of the flume, while less frequent (once daily), larger quantity (12
L) deposition events were possible in the larger flume. Water level was maintained
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throughout the experiment and for an additional 4 days after the final deposition event
to allow fine-grained particles to settle. The flumes were slowly drained and the
deposited sediments were allowed to dry for an additional 10 to 19 days.
After partial drying, samples were collected by pressing 2.2 cm plastic
cylindrical sample holders perpendicular to the soft sediment surface. Samples F1a-
Flfand F1h-F1k were collected from the sloping and flat sections, respectively, of
the large flume oriented parallel to field direction, samples F2a-F2d and F2e-F2j were
collected from flat sections 2 cm and 30 cm from the slope in the small flume
oriented perpendicular to the field. Samples F3a-F3d and F3e-F3j were collected
from flat sections 2 'cm and 30 cm from the slope in the small flume oriented parallel
to the field (Figure 2.1). Strike and dip (for samples collected from the sloping
section) and sediment flow direction were marked on the sample holders and recorded.
At the time of sampling, the "X," "Y," and "Z" components ofthe ambient
magnetic field were measured above each sample using a Bartington Instruments
fluxgate magnetometer. The magnetic field direction was sometimes significantly
different at different areas within Flume 1, so mean magnetic field directions were
calculated using Fisher (1953) statistics for each of the six sample subsets F1a-F1f,
F1h-F1k, F2a-F2d, F2e-F2k, F2a-F3d, and F3e-F3j. Samples from F1 were stored in
an airtight Tupperware container in Lehigh University's paleomagnetic laboratory's
shielded room for three months until laboratory analyses were completed; samples
from F2 and F3 were measured immediately after sampling.
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Figure 2.1: Location of sample subsets in Flumes 1,2, and 3. Flume 1is 2.5 m long,
1mwide, and 0.5 m high ahd oriented parallel to the magnetic field direction. Flume
2 is 0.9 m long, 0.2 m wide, and 0.4 m high and oriented perpendicular to the field
direction. Flume 3 isO.9 mlong, 0.2 mwide, and 0.4 m high and oriented parallel to
the field direction. All flumes contain 200 slopes covering approximately 1/3 of the
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Magnetic Mineralogy
Partial anhysteretic remanence (PARM), isothermal remanent magnetization
(IRM), thermal demagnetization, and Lowrie (1990) IRM-thermal demagnetization
tests were used to determine magnetic mineralogy. Partial anhysteretic remanent
magnetizations were applied to five samples (Fla, Flc, FIe, Flh, Flj) in 10-mT
windows from 0 to 100 mT in the presence ofa 0.1 mT DC magnetic field using a
GSD-5 tumbling-specimen demagnetizer to determine the coercivity spectrum of the
magnetic grains. Progressive acquisition ofIRM was applied in ten steps.from 37.8
mT to 1265.6 mT along one sample's z-axis and then an IRM of308.4 mT was
applied along the sample's -z axes (F2d) to determine the sediment's S-ratio
(-IRM-O.3T/SIRM). Thermal demagnetization was conducted using an ASC Scientific
TD-48 SC thermal specimen demagnetizer on three samples (all collected from F2) in
17 steps from 0 to 700°C to determine the Curie temperature ofthe magnetic
minerals contributing to the ChRM. Two Lowrie (1990) tests, in which samples (one
from flume 2 and one from flume 3) had IRMs applied along their x, y, and z
directions in fields of120 mT, 30 mT, and 6 mT respectively were thermally
demagnetized to isolate the thermal characteristics of the high, intermediate and low
coercivity magnetic minerals.
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Magnetic Direction
Alternating field (at) demagnetization was conducted using a 2G Enterprises
demagnetizer in seven steps from 0 to 100 mT. Principal component analysis
(Kirschvink, ·1980) was used to determine characteristic remanent magnetizations
(ChRM). Site means were calculated using Fisher (1953) statistics.
Drying Experiment
A drying experiment was conducted to determine the effects of drying on
magnetic inclination. In this experiment flume sediments were poured into 10 sample
containers, five ofwhich were subsequently ~tirred. The natural remanent
magnetization (NRM) ofthe samples was measured with a 2G Enterprises
superconducting magnetometer 5 to 8 times during a 47-hour drying period.
Magnetic Fabric
Anisotropy ofmagnetic susceptibility (AMS) was measured using a KLY-3S
Kappabridge to determine the magnetic fabric ofall paramagnetic, diamagnetic, and
ferromagnetic grains. Anisotropy of anhysteretic remanence (AAR) was applied, as
described by McCabe et al. (1985), in the presence of a 0.1 mT DC magnetic field
using a GSD-5 tumbling-specimen demagnetizer to all samples in a 2 to 60 mT
window (determined from the pARM spectra) in 9 different orientations, each of
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which was separated by a 150 mT demagnetization step, to detennine the magnetic
fabric of all ferromagnetic grains.
Correction Techniques
The relationships between AAR fabric and DRM inclination error are
described by Jackson et al. (1991) (equation 1) forlow-coercivity, magnetite-like
minerals and by-Tan (2001) (equation 2) for high-coercivity, hematite-like minerals,
tanIDRM
=
qz(a +2)-1 (1)
tan IF qx(a+2)~1
tanIDRM (2a +1)qz-l (2)=
tan IF (2a+l)qx -1
where IDRM = depositional or characteristic remanent magnetization inclination; IF =
magnetic field inclination; qz = (AARmin)/(AARmin+AARint+AARmax); qx =
(AARmax)/(AARmin+AARint+AARmax); AARmin, AARinb and AARmax =minimum,
intennediate, and maximum axes of the magnetic fabric ellipsoid detennined from
AAR measurements; and a =individual particle anisotropy. These equations were
used to correct DRM inclination errors associated with the low- and high-coercivity
contributions to magnetic direction.
Three methods were used to detennine individual particle anisotropy (a). In
the first method, three compaction experiments were conducted, similar to
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experiments described by Deamer and Kodama (1990), where flume sediments were
deposited in a sample container with a plunger-like lid. First the sediment was
allowed to sit in a known field overnight to acquire a DRM. Then water was slowly
added over 8 hours to a tank resting on the sample container's plunger, causing
overlying pressure to increase from 0 to approximately 0.15 MPa. NRM was
measured nine to twelve times throughout the compaction process. Once compaction
was complete, the sediment was left under pressure an additional 15 hours to test
whether compaction inclinations were locked in or whether they were able to realign
with the field. The compacted sediments were af demagnetized to isolate ChRM and
AAR was measured for two of the samples to determine magnetic fabric. Pre-
compaction and post-compaction inclinations from these experiments could be
substituted for IF and IORM in the Jackson et al. (1991) and Tan (200) equations and
used to derive a. In the second method, designed to target low-coercivity, magnetite-
like grains, a magnetic separate was collected, as described by Hounslow and Maher
(1996), from the flume sediments and deposited in a nonmagnetic epoxy in DC fields
of20, 30, 35, 40, 45, and 50 mT, with the objective ofperfectly aligning the magnetic
grains so that bulk anisotropy reflects the average individual particle anisotropy. A
pARM was applied in a 50 to 500 mT window to the x, y, and z axes ofthe magnetic
separate/epoxy samples. Each direction's pARM application was separated by a 150
mT demagnetization step. The magnetic separate/epoxy samples' AARmax/AARmin
ratios were averaged to determine the average individual particle anisotropy, a, of the
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flume sediments' low-coercivity component. In the third method, designed to target
high-coercivity, hematite-like grains, an IRM of 1,255.5 mT was applied to the
maximum and minimum axes directions of the magnetic separate/epoxy samples and
the IRMmax/IRMmin ratios were averaged to determine the a ofthe sediments' high-
coercivity component. Using the methods described by Jackson et al. (1991) for
magnetite-like particles and the methods described by Tan (2001) for hematite-like
partides, the a determined from inclinations measured before and after compaction in
the compaction experiments and the a determined from the magnetic separate/epoxy
drying experiment were used to correct inclinations. The corrected inclinations were
compared, using McFadden and Lowes (1981) methods, with the known magnetic
field direction to determine whether compaction and/or magnetic separate/epoxy
drying experiments and Jackson et al. (1991) and Tan (2001) methods could be used
to correct DRM errors.
Results
Magnetic mineralogy
pARM spectra peak between 15 and 50 mT, indicating the presence oflow-
coercivity, magnetite-like minerals (Figure 2.2) (Maher and Thompson, 1999).
However, the sediment's S-ratio is 0.1970 indicating the presence ofhigh-coercivity,
hematite-like minerals (Maher and Thompson, 1999). Thermal demagnetization and
Lowrie (1990) IRM-thermal demagnetization test results help clarify this apparent
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Figure 2.2: Typical partial anisotropy of remanent magnetization (pARM) spectra
(here of sample F1 h). Stronger magnetic intensity(shaded gray) between 15 and
50 mT (indicate the dominance of low-coercivity, magnetite-like minerals.
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Figure 2.3: Typical thermal demagnetization intensities (here of a sample from
Flume 2). Drops in magnetic intensity between 250° C and 330°C indicate the
presence of either greigite (Currie temperature = 300 ° C) or pyrrhotite (Currie
temperature =300°C) and drops between 670°C and 700°C indicate the presence
of hematite (Currie temperature =67]OC).
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contradiction. Thermal demagnetizations show a drop in intensity both at 250°C to
330°C, indicating the presence of a sulfide, either low-coercivity greigite (Curie
temperature = 300°C) or intermediate-coercivity pyrrhotite (Curie temperature =
300°C), and at 670°C to 700°C, indicating the presence ofhigh-coercivity hematite
(Curie temperature = 675°C) (Dekkers et aI., 2000; Maher and Thompson, 1999)
(Figure 2.3). Lowrie (1990) IRM-thermal demagnetization tests show a drop in
intensity ofthe low-coercivity component between 200°C and 300°C, indicating
greigite, and between 475°C and 500°C, possibly indicating magnetite (Curie
temperature =557°C), and a drop in intensity of the high-coercivity component at
150°C, indicating pyrrhotite (Currie temperature = 300°C), and at 670°C, indicating
hematite (Curie temperature =675°C) (Figure 2.4). A synthesis ofpARM, S-ratio,
thermal demagnetization and Lowrie (1990) tests suggest that the flume sediments are
dominated by three magnetic minerals: greigite, pyrrhotite, and hematite. These
minerals are geologically plausible, as greigite and pyrrhotite are sulfides formed
though chemical processes common in lakes and soils and hematite is abundant in the
Catskill Formation red beds ofnorth-central Pennsylvania that were a likely source
for detrital material in the lake sediments.
Magnetic Direction
The mean magnetic directions of the flume sediments were determined from
afdemagnetized samples. For flume 1 ChRM was typically isolated between 5 and
43
-+- high-coercivity (1.2T) component
• intermediate-coercivity (0.3T) component
low-coercivity (0.06T) component
o
5000
4000
--E
~
E
--~ 3000
"w
c
Q) magnetite?+-'c ClIrv.
u ~+:i 2000 efooQ) lJoisc
Cl
m
~
1000
Figure 2.4: Lowrie (1990) IRM-thermal demagnetizations. Intensity of the low-
coercivity component drops between 250°C and 300°C, indicating the presence of
greigite, and between 475°C and 500°C, possibly indicating the presence of
magnetite. Intensity of the high-coercivity component drops at 670°C indicating the
presence of hematite. Thermal demagnetization of the intermediate component is
too noisy to interpret.
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100 mT and for flumes 2 and 3 there was no significant difference between NRM and
demagnetized directions (Figure 2.5). An average of 49%, 43%, and 34% of initial
intensities were removed by a 100 mT alternating field for flumes 1, 2 and 3
respectively. Fisher (1963) mean distributions from line fit analyses of
demagnetizations indicate a mean direction for Fla-FlfofD = 4.5°, I = 17.9°, U95 =
15.0° in an ambient field ofD = 8.9°, I = 61.9°, U95 = 3.3°; a mean direction for Flh-
Flk ofD = 319.5°, 1= 19.8°, U95 = 31.7° in an ambient field ofD = 346.8°, 1=49.9°,
U95 = 3.7°; a mean direction for F2a-F2d of.D = 255.1 0, I = 31.7°, U95 = 5.3° in an
ambient field ofD = 279.9°, I = 66.6°, U95 = 1.7°; a mean direction for F2e-F2j ofD =
270.4°, I = 35.0°, U95 = 4.2° in an ambient field ofD = 277.0°, 1= 65.0°, U95 = 1.6°; a
mean direction for F3a-F3d ofD = 344.1 0, I = 48.0°, U95 = 7.2° in an ambient field of
D = 358.4°, 1= 65.1 0, U95 = 3.2°; and a mean direction for F3e-F3j ofD = 5.1 0, 1=
31.7°, U95 = 3.6° in an ambient field ofD = 0.9°, 1= 66.0°, U95 = 1.3° (Table2.1,
Figure 2.6). Except for samples F2a-F2d and F3a-F3d, collected from near the slopes
in the small flumes, which have declinations rotated 24.5° and 14.3° up-slope/into-
the-current from the known field, there is no significant difference between ChRM
and ambient filed declinations. However, sample inclinations are shallow by 17.1° to
44.0°, There does not appear to be a relationship between the amount of inclination
shallowing and flume size or sample position.
Also three flume samples, whose ChRMs were not used to calculate site
means, were thermally demagnetized, and thermally demagnetized samples showed
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Figure 2.5: Orthogonal projections in stratigraphic coordinates of alternating field
(af) demagnetizations. Sample F1 a is typical of af demagnetizations from flume 1
with isolation of characteristic remanence between 5 and 100 mT and removal of
approximately 50% of magnetic intensity. Sample F2b and is typical of af
demagnetization from flumes 2 and 3 with isolation of characteristic remanence
between 0 and 100 mT and removal of 30% to 45% ofmagnetic intensity.
46
sites . ChRM ChRM 119s Ambient Ambient <l9s ~D ~I ±
declination inclination field field
declination inclination
Fla- 4S 17.9° 15.0° 8.9° 61.9° 3.3° 4.4° 44.0° 12.3°
Flf
Flh- 319.5° 19.8° 31.7° 346.8°
-
49.9° 3.7° 27.3° 30.1° 25.5°
Flk
F2a- 255.1° 31.7° 5.3° 279.9° 66.6° 1.7° 24.8° 34.9° 4.5°
F2d
F2e- 270.4° 35.0° 4.2° 277.0° 65.0° 1.6° 6.6° 30.0° 3.6°
F2i
F3a- 344.1° 48.0° 7.2° 358.4° 65.1° 3.2° 14.3° 17.1° 6.3°
F3d
F3e- 5.1° 31.7° 3.6° 0.9° 66.0° 1.3° 4.2° 34.3° 3.1°
F3k
Table 2.1: Mean ChRM inclinations, declinations, and U9SS; ambient field declinations,
inclinations, and U9SS; and differences in declinations and inclinations and associated
confidence intervals for flume sites.
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• mean ChRM
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current direction
F2e-F2j
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__......... flat ..
0=270° 0=277°
1=35° 1=65°
.."'t - +
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near-slope
-0=9°
+1=62°
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0=344°
~=48°
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+1=65°
F3a-F3d
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parallel to field
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-0=1°
+1=66°
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small flume
parallel to field
flat .
Figure 2.6: Characteristic remanent magnetization (ChRM) directions from
alternating field demagnetized flume sediments compared with ambient field
direction. With the exception of F2a-F2d and F3a-F3d whose declinations are
rotated 24.5° and 14.3° into the current, sample declinations are statistically the
same as field directions. All sample inclinations are 17.1 ° to 44.0° shallower than
field directions.
48
an additional 11.1° to 14.0° inclination shallowing between DoC and 670°C (in
contrast with afdemagnetized samples which showed little or no change in
inclination during demagnetization) (Figure 2.7). Also, thermally demagnetized
samples lost 89% to 98% of their initial intensities (compared with the 34% to 49%
lost during af demagnetizations).
Drying Experiment
A drying experiment was conducted to determine whether anomalously·
shallow inclinations were the result of drying. Sample inclinations plotted against
time since deposition showed no consistent trends in inclination during the drying
process, indicating that drying is not responsible for the sediments' shallow
inclinations (Figure 2.8).
Magnetic Fabric
Magnetic fabric was determined through AMS and AAR analyses. AMS
analyses from all sample subsets show a strong bedding-parallel foliation fabric with
minimum principal axis directions clustered near the vertical and maximum principal
axis directions distributed around the horizontal (Figure 2.9). Samples F1 a-Flf also
show a secondary lineation fabric with maximum axes oriented sub-perpendicular to
both flow and the ambient magnetic field direction and samples F3a-F3d and F3e-F3j
show a triaxial fabric with maximum axes oriented sub-parallel to the flow/ambient
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Figure 2.7: Typical thermal demagnetization results, here of a sample collected
from Flume 2. 7a: Orthogonal projection in tectonic coordinates. 7b: Reduction in
magnetic intensity through progressive thermal demagnetization. Note that 32% of
intensity is removed by 330°C and 97% is removed by 700°C. 7c: Decrease
(shallowing) in inclination with progressive thermal demagnetization. Inclination
shallows by 14° between O°C and 670°C.
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Figure 2.8: Drying experiment with time drying versus measured inclination for 10
samples. Solid lines are samples 6-10 that were stirred in addition to being poured.
Samples not aligned with the ambient field indicate insufficient aligning time before
drying.
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large flume
parallel to field
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• minimum principal axis
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large flume
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0-'F2a-F2d
small flume
perpendicular to field
near-slope
F2e-F1j d
small flume r
perpendicular to field
flat
o
F3a-F3d ca-
small flume
parallel to field
near-slope
o
•
F3e-F3k
small flume
parallel to field
flat
Figure 2.9: Anisotropy of MagneticSusceptibility (AMS) results. All samples show
a bedding-parallel foliation fabric with minimum principle axes clustered near
vertical and maximum principle axes distributed around the horizontal. Samples
F1 a-F1f also show a secondary lineation fabric with maximum axes oriented sub-
perpendicular to current/magnetic field direction and samples F3a-F3d and F3e-F3j
show a triaxial fabric with maximum axes oriented sub-parallel to current/magnetic
field direction.
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field direction. Flinn (1958)'diagrams comparing AMS foliation vs. lineationindicate
that nearly all samples are strongly foliated with only secondary lineation or triaxial
fabric components (Figure 2.10). Sample anisotropies range from 7 to 14 percent.
In accordance with the pARM spectra, AAR analyses were applied in a 5 to
50 mT window to isolate the magnetic fabric oflow-coercivity greigite and magnetite
grains. AAR fabric measurements are very similar to AMS measurements, with
strong foliation fabric in all samples and secondary triaxial fabric; with maximums
oriented perpendicular to the flow/ambient field direction in Pla-Flf and parallel to
the flow/known field direction in F3a-F3d and F3e-F3j (Figure 2.11). Similarly,
Flinn (1953) diagrams show a strong foliation fabric with only secondary triaxial or
lineation fabric (Figure 12). AAR sample anisotropies range from 30 to 50 percent.
It appears that lineations in both the AMS and AAR analyses are
perpendicular to flow direction in samples collected from the slope (Fla-Flt) and
parallel to flow direction in samples collected from flat section (Figures 2.9 and 2.11).
Corrections
Compaction and magnetic separate/epoxy drying experiments were used to
determine the flume sediment's individual particle anisotropy, a. Compaction
experiments resulted in net inclination shallowing between 0.1 ° and 8.0°. However,
inclinations were not stable during the compaction process (they varied between
steeper and shallower degrees). Also, post-compaction af demagnetization caused
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Figure 2.10: Flinn (1958) diagrams of foliation vS.lineation from anisotropy of
magnetic susceptibility (AMS) measurements. Results indicate that samples are
strongly foliated.
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Figure 2.11: Anisotropy of anhysteretic remanence (AAR) results. All samples
show a bedding-parallel foliation fabric similar to AMS results with minimum
principle axes clustered near vertical and maximum principle axes distributed
around the horizontal. Samples F1 a-F1falso show asecondary lineation fabric with
maximum axes oriented sub-perpendicular to current/magnetic field direction and
samples F3a-F3d and F3e-F3j show a triaxial fabric with maximum axes oriented
sub-parallel to the current/magnetic field direction.
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Figure 2.12: Flinn (1958) diagrams of foliation VS. lineation from anisotropy of
anhysteretic remanence (AAR) measurements. Samples are strongly foliated.
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further shallowing in one sample (from 54.9° to 48.3°) and steepening in another
(from 61.7° to 63.7°) (Figure 2.13).
AARm~JAARmin values determined from the magnetic separate/epoxy drying
experiments yielded an average a value for low-coercivity, magnetite-like grains of
1.515. a = 1.515 was used in the Jackson et al. (1991) equation (Equation 1) to
determine a corrected magnetic direction for Fla-FlfofD = 7.9°, I = 59.1 0, U95 =
16.9° in an ambient field ofD = 8.9°, I = 61.9°, U95 = 3.3°; a corrected direction for
Flh-Flk ofD = 336.8°, I = 47.7°, U95 = 26.6° in an ambient field ofD = 346.8°, 1=
49.9°, U95 = 3.7°; a corrected direction for F2a-F2d ofD = 254.5°, 1= 56.7°, U95 =
4.0° in an ambient field ofD = 279.9°, I = 66.6°, U95 = 1.7°; a corrected direction for
F2e-F2j ofD = 270.2°, 1= 65.4°, U95 = 8.5° in an ambient field ofD = 277.0°, 1=
65.0°, U95 = 1.6°; a corrected direction for F2a-F3d ofD = 343.5°, 1= 69.0°, U95 =
5.4° in a known field ofD = 358.4°, 1= 65.1 0, U95 = 3.2°; and a corrected direction
for F3e-F3j ofD = 4.8°, I = 50.6°, U95 = 4.8° in an ambient fieldofD = 0.9°, 1=66.0°,
U95 = 1.3° (Table 2.2, Figure 2.14). Corrected inclinations from five ofthe six sample
sets are statistically the same as the known magnetic field (their U95'S include the
magnetic field inclination). In the final sample set (F3e-F3j) the corrected inclination
remains significantly shallower than the ambient field inclination.
IRMMAX/IRMMIN values determined from the magnetic separate/epoxy drying
experiments yielded an average a value for high coercivity, hematite grains of 1.295.
When used in the Tan (2001) equation (Equation 2), this lower, more isotropic a
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Figure 2.13: Percent volume loss vs. inclination of three compaction experiments.
Although some trends, such as shallowing of inclinations between 40% and 60%
volume loss in compactions 1 and 2 and final inclinations steeper than initial
inclinations in compactions 1 and 3, are visible, the absence of consistent trends
from 0% to 100% volume loss indicating that magnetic direction did not "lock in."
This result may be due to excessive amounts (-80% by weight) of initial water
content.
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site corrected corrected U95 ambient ambient ((95 LlD LlI ±
declination inclination field field
declination inclination
Fla- 7.9° 59.1° 16.9° 8.9° 61.9° 3.3° . 1.0° 2.8° 13.8°
Flf
Flh- 336.8° 47.7° 26.6° 346.8° 49.9° 3.7° 10.0° 2.2° 21.5°
F1k
F2a- 254.5° 56.7° 4.0° 279.9° 66.6° 1.7° 25.4° 9.9° 3.5°
F2d
F2e- 270.2° 65.4° 8.5° 277.0° 65.0° 1.6° 6.8° 0.4° 6.9°
F2j
F3a- 343.5° 69.0° 5.4° 358.4° 65.1 ° 3.2° 14.9° 3.9° 5.0°
F3d
F3e- 4.8° 50.6° 4.8° 0.9° 66.0° 1.30 3.9° 15.4° 4.0°
F3k
Table 2.2: Mean corrected declinations, incliantions, and U9SS; ambient field declinations,
inclinations, and U9SS; and differences between corrected and magnetic field directions
and associated confidence intervals for flume sites.
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Figure 2.14: Characteristic remanent magnetization (ChRM) directions corrected
using an individual anisotropy value (a = 1.511) from magnetic separate/epoxy
drying experiment, magnetic fabric parameters from anisotropy of anhysteretic
remanence (AAR) analyses, and Jackson et al. (1991) methods. Four of the six
sample sets are successfully corrected. Failure to correct in F3e-F3k may be due to
the effects ofbackwash in the small flume.
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value should correct for larger amounts of inclination shallowing than the higher a
value used in the Jackson et al. (1991) correction. However, since IRM was unable to
isolate the magnetic fabric ellipsoid from hematite we were not able to test the Tan
(2001) equation for inclination shallowing for hematite in our flume experiment.
Discussion
This flume study investigates the effect of rapid deposition and magnetic
mineralogy on depositional remanent magnetization (DRM). The fundamental
observation in this study is that measured magnetic directions are significantly
different than ambient field directions. The 0° to 2.5° rotated declinations are not
particularly surprising, as past flume experiments have shown that currents and slopes
can produce errors in declinations by up to 30° (Reese, 1961; Verosub, 1977).
Likewise, the presence of inclination shallowing is not surprising because previous
flume experiments have demonstrated the presence of inclination shallowing (King,
1955; Reese and Woodall, 1975; Verosub, 1977; Tarling and Hrouda, 1993).
However, most studies have shown only 8° to 20° (compared with 17.1° to 44.0° seen
here) ofshallowing (King, 1955; Reese and Woodall, 1975; Verosub, 1977; Tarling
and Hrouda, 1993).
There are several hypotheses explaining the excessive amounts of shallowing
in this flume experiment. The first possibility is that the methods of the experiment
are flawed. Admittedly, there are several potential sources of error in the experiments.
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Flume experiment 1 was conducted in a mechanical engineering laboratory where the
presence ofmetal beams or the movement ofmachinery elsewhere in the building
may have resulted in an unstable field. This could explain the large U95' S associated
with Fl. Additionally, flume 1 samples where stored for three months (albeit in a
shielded room) before being measured, possibly resulting in a viscous remanent
magnetization. Also, conditions particular to flume studies, such as backwash during
deposition, only 4 days ofsettling time, drying (although drying experiments
indicated no significant inclination shallowing associated with drying), and sample
collection techniques could be responsible for shallowing. A second possibility is
that the high-energy environment simulated by the rapid deposition of sediment is
responsible for the shallow inclination. If this is the case, the flumes are analogous to
high-energy environments such as turbidity deposits or river overbank flood deposits.
Another possibility is that shallow inclinations are due to the particular magnetic
mineral assemblage used in this experiment. M demagnetization, which targets the
low-coercivity, magnetite-like grains, reduced magnetic intensity by only 34% to
49%, whereas thermal demagnetization, which targets the high-coercivity hematite
grains, reduced intensity by 89% to 98%, indicating that hematite is responsible for
nearly 50% of the sediment's magnetic component. fuvestigation ofcharacteristic
remanence in detritalhematite from natural settings and redeposited sediments and
theoretical analyses have shown that the hexagonal, disc-like crystallographic-
controlled shape ofhematite grains, with a preferred magnetic moment in hematite's
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plane can result in excessive amounts of inclination shallowing because the disc-like
grains are more prone to rotate during settling and compaction (Tauxe and Kent,
1984; Tauxe et aI., 1990; Tan, 2000). This phenomenon explains the additional 11.1 0
to 14.00 inclination shallowing in the flume sediment's hematite component but does
not appear to explain the excessive amounts of shallowing in the greigite and
magnetite components. A final possibility is that the individual particle anisotropy of
the greigite and pyrrohotite components is exceptionally isotropic, allowing for more
rolling during deposition. Ifthis is the case, it explains the low a value attained from
the magnetic separate/epoxy drying experiment and how that value, combined with
magnetic fabric analyses and Jackson et ai. (1991) correction techniques, was able to
help correct the shallow inclinations in 5 out of 6 sample sets.
If individual particle anisotropy and magnetic fabric are indeed the key to
correcting inclination error, the magnetic fabric and individual particle anisotropy
results from this flume experiment become extremely significant. Previous studies
(Reese and Woodall, 1975; Verosub, 1977; Tarling and Hrouda, 1993) have shown
AMS fabric analyses, but this is the first flume study to show that AMS fabric is
reflected in AAR, the magnetic fabric from the remanence-bearing grains, and that
strongly foliated AMS and AAR fabric are associated with large amounts of
inclination shallowing.
AMS and AAR lineation fabric appears to be slope-controlled, with lineations
perpendicular to down-slope direction, in samples collected from the slope (Fla-Fl f)
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and current-controlled, with lineation parallel to flow direction, in the remainder of
the samples. However, lineation direction does not appear to correspond to
declination errors in the sediments.
Previous studies have also shown that individual particle anisotropy and
magnetic fabric can be used to correct shallow inclinations (Jackson et aI., 1991;
Kodama, 1997; Tan and Kodama, 1998). This experiment supports these" studies by
showing that a attained through magnetic separate/epoxy drying experiments and
magnetic fabric from AAR analyses can be used to correct inclinations that are
shallow by 17.1 0 to 44.00 in nearly all cases - here, five out of six. It is speculated
that backwash effects due to rapid deposition, the small flume size, and the samples'
proximity to the flume's end are responsible for the failure in correcting the last
sample set. While compaction experiments were unsuccessful, past experiments have
shown that compaction and magnetic separate/epoxy drying techniques yield similar
a values so Jackson et aI. (1991) corrections were still possible. The failure of
inclinations to stabilize in these particular compaction experiments may be due to
high initial water content preventing remanence-bearing grains from locking in before
compaction was initiated (Kodama, 1997; Tan and Kodama, 1998). It is unfortunate
that IRM techniques were unable to isolate the magnetic fabric contribution from
hematite grains and that Tan (2000) hematite inclination correction techniques could
not be fully tested in this experiment.
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Conclusions
This flume study shows that there is a relationship between magnetic
mineralogy, magnetic fabric and magnetic remanence direction for sediments
deposited in high-energy environments. This study indicates that sediments may
record rotated (0° to 24.3°) declinations and anomalously shallow (17.1 ° to 44.0°)
inclinations. The inaccurately recorded declinations are likely due to rapid deposition
and the inaccurately recorded inclinations may be due to either specific errors
associated with flume studies, rapid-depositional processes, magnetic mineralogy, or
individual particle anisotropy. This experiment is important for future paleomagnetic
studies because it demonstrates that sediments with bedding-parallel foliated fabric
might not be accurate paleomagnetic recorders but that, even when inclinations are
anomalously shallow, magnetic fabric properties and Jackson et al. (1991) methods
can successfully correct paleomagnetic directions.
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